ABSTRACT The stop flow technique was used to investigate the permeability characteristics of the dog nephron to various C14-1abeled non-electrolytes. 12 minutes after clamping the ureter, creatinine, PAH, and C 14 compound were injected intravenously. 2 minutes later, urine samples were collected. Urea and glycerol were able to enter the tubular urine along the entire nephron at rates which were commensurate with their molecular weights. No significant movement of larger molecules (D-arabinose, D-glucose, and mannitol) could be detected. However, after administration of twenty units of pitressin, D-arabinose was able to diffuse across the distal and proximal tubular epithelium.
these substances into the urine was a function of molecular size. A small molecule, such as ethylene glycol, m o v e d faster t h a n a larger one such as glycerol. T h e same results were obtained with a m i n o acids and pentoses of different molecular weights. M o r e recently, Chinard and Enns (7), Hoshiko, Swanson, and Visscher (8), Tosteson and White (9), Morel, Amiel, and Falbriard (10), Wilde and Malvin (11) , and Samiy, Brown, Globus, Kessler, and T h o m p s o n (12) have studied the m o v e m e n t of labeled H~O and electrolytes (Na +, K +, CI-, M g ++, Ca ++) across the renal tubular epithelium.
T h e stop flow m e t h o d was used in this investigation to determine the relative rates of transcellular m o v e m e n t of various non-electrolytes across the renal t u b u l a r epithelium. In addition, the effect of antidiuretic h o r m o n e ( A D H ) on the tubular permeability was studied.
METHODS
The procedure followed was essentially the same in all' experiments. Mongrel dogs of both sexes weighing between l0 and 23 kg were anesthetized with 30 mg/kg of sodium pentobarbital.
Stop flow experiments were performed in the following manner. Both ureters and the femoral artery were dissected and catheterized with polyethylene tubing. A 20 per cent mannitol solution was infused intravenously in the jugular vein until osmotic diuresis was produced. When the diuresis reached a steady rate, both ureters were clamped. This resulted in an increase in the intrabular pressure until glomerular filtration essentially was stopped. After 12 minutes of occlusion a simultaneous injection of creatinine, PAH, and a C1Mabeled compound was given into the jugular vein. 2 and 4 minutes after the injection was given, the occlusion was released and a series of 30 to 33 samples of urine was collected from both kidneys. The average volume of the samples was 0.5 ml. Since the results of the experiments utilizing the 2 minute and 4 minute infusion times were the same, for simplicity our reported results are confined to the 2 minute experiments. At the middle of each collection a blood sample was drawn. The appearance point of the C 14 compound was compared to that of creatinine. The only means by which a compound could appear in urine before creatinine was by diffusion across the tubular epithelium from blood to urine. The points of entrance of PAH and creatinine were taken as marking the beginnings of proximal fluid and of new filtrate respectively. In some experiments vasopressin was administered intravenously (20 units Parke Davis & Co. pitressin), over a 5 minute period, 40 to 60 minutes before C14-arabinose was given. This was done in order to determine whether ADH had any effect on the rate and site of entry of D-arabinose. During the infusion of hypertonic mannitol solutions the animals were presumably secreting ADH at maximal rates. Thus in order to detect the effect of exogenous hormone we felt it necessary to use a dose greatly in excess of that needed to inhibit water diuresis. For this reason the dose of 20 units of pitressin was used.
If the compound studied appeared in urine samples distal to the point of appearance of PAH and the Na minimum, it was taken as evidence of diffusion across the distal tubular ceils. If it appeared at the same point as PAH, it was taken as evidence of only proximal diffusion. The simultaneous appearance of the C 14 compound with, creatinine demonstrated that it was only filtered and could not diffuse through the wall of the nephron from blood to urine. In all the experiments, the non-labeled compound was infused continuously in amounts sufficient to saturate its transport systems and insure excretion. The C 14 compounds used were urea, glycerol, D-arabinose, D-glucose, mannitol, and inulin. In some experiments a constant infusion of the C ~4 compound was given before occlusion so that its stop flow pattern could be determined, and the site of transport delineated.
The chemical methods used were: urea, Conway and O'Malley (13); D-arabinose, Roe and Rice (14); mannitol, Corcoran and Page (I 5); glucose, Nelson and Norton (16); glycerol, Holst (17); sodium with a Beckman direct reading flame photometer; creatinine, Bonsnes and Taussky (18); PAH, Smith a al. (19) . C x4 activity was measured using a Packard Tri Carb liquid scintillation spectrometer. Fig. 1 demonstrates the results of one experiment in which chemical as well as C14-urea was measured. A total of four such experiments was done. Na and PAH concentration curves are indicated by solid lines and creatinine by a dashed line. In the lower part of the figure, the curve for C14-urea is plotted and is expressed as specific activity in counts/(minute times micromoles). The two vertical arrows show the site of entrance of PAH and creatinine. On the abscissa is plotted urine volume in milliliters.
R E S U L T S
Urea moved across the wall of the entire nephron and appeared in the urine samples collected before the Na minimum and the appearance of PAH. Its specific activity increased in an almost linear fashion throughout the distal and proximal tubules. With the entrance of creatinine, this increase became very rapid due to the fact that the filtered component was superimposed on the fraction which diffused across the tubular epithelium. It should be pointed out that the average activity in the distal tubular urine samples was over five times background. Thus, in Fig. 1 the specific activity plotted in all the samples appearing before PAH was significant: the lowest activity was in sample 2 and was 25 per cent above background. Table I summarizes the results of experiments in which CX4-urea, glycerol, inulin, and D-arabinose with and without vasopressin were injected. The averages of the distal and proximal U / P values for each compound are shown. The column labeled distal shows the average activity in counts/(minute times milliliters) of all the samples which appeared before PAH divided by the plasma activity, also in counts/(minute times milliliters). The column labeled proximal shows the average U / P activity for all samples which appeared after PAH but before creatinine.
It should be pointed out that in these experiments it is possible to detect C 14 activity before the appearance of chemical creatinine even in the absence of transtubular movement. This would result from the fact that the analytical method for the detection of C 1+ is considerably more sensitive than the chemical method for creatinine. Thus the filtered C 1+ may be detected before creatinine. Accordingly, a series of experiments was done in which C14-1abeled inulin was injected at the same time as creatinine. It was assumed that no C 14-inulin could diffuse across the tubular epithelium. Thus the inulin experiments served as a standard. The results of all experiments were compared with those with inulin to determine whether the appearance of C ~+ resulted from transtubular movement or simply from differences in sensitivity of the analytical methods. The column labeled P is the probability that the average U/P ratios differed from the inulin U/P ratios only by chance. The average U/P ratios for distal and proximal urine for urea, glycerol, and D-arabinose plus pitressin were significantly different from those for inulin. When D-arabinose was injected without pitressin there was no statistically significant evidence of transtubular movement. Both glycerol and urea were able to enter the tubular urine along the entire nephron. In addition the rate of transtubular movement for urea appears to be higher than that for glycerol. The average U/P ratios for urea were about three times higher than those for glycerol in both the distal and proximal tubules. The oil/water partition coefficient for these two compounds is so small that it may be considered negligible; for urea, it is 1/2000, and for glycerol, 1/1000 (20) . In addition, the diffusion coefficients for both compounds are similar. The diffusion coefficient of urea is 1.06 sq cm/sec. X 10 -6 (21) and that for glycerol is 0.72 sq cm/sec. X 10 -5 (22) . Thus different rates of diffusion appear to be due to the difference in the size of the molecules, since the lipid solubility, which is small for both compounds, is even smaller for urea.
T A B L E I A V E R A G E P R O X I M A L A N D D I S T A L U / P R A T I O S F O R Ct*-LABELED U R E A , G L Y C E R O L , D-ARABINOSE, AND I N U L I N
In the absence of exogenous vasopressin we were unable to demonstrate transtubular diffusion of D-arabinose. However, after intravenous administration of pitressin there was significant diffusion across both the proximal and distal tubular epithelium. The average distal and proximal U/P ratios with pitressin were two and three times that without pitressin, the difference between the two series being statistically significant. For the distal tubule P = <0.05, and for the proximal P = 0.01. Two series of experiments were also done in which C14-D-glucose and C"-mannitol were injected postocclusively. The three experiments done with • ooo.
1000, glucose showed no evidence of transcellular diffusion either in the distal or proximal tubules. Five experiments were done in which C"-mannitol was used as the test substance. No distal diffusion could be demonstrated. Although the average proximal U/P ratio was higher than that for inulin, 0.0156 + 0.0087, the difference was not statistically significant.
D I S C U S S I O N
The stop flow patterns for the compounds studied suggest that the movement of these non-electrolytes was a function of molecular size. The small molecules, urea and glycerol, appeared in both distal and proximal tubular urine.
The larger molecules, D-arabinose, D-glucose, and mannitol were unable to diffuse across the tubular epithelium. It should be pointed out that the absence of any labeled compound in the first two or three stop flow samples is not of itself evidence of a diffusion barrier to that substance in the collecting duct epithelium. Highly diffusable substances may be excluded from the medullary interstitium by "shunting" across the vascular loops (23) . However, such a phenomenon plays no role in the labeling of distal and proximal fluid. Thus we have confined our observations to the tubular fluid from those areas.
After injection of pitressin, D-arabinose was able to move across the proximal epithelium and was also able to enter distal tubular urine at a slow but significant rate. This finding supports the hypothesis that A D H is able to increase the pore diameter of the distal tubules and collecting ducts. Furthermore, the experiments suggest that A D H may also increase proximal tubular permeability.
Although three of the compounds studied were able to enter the tubular urine, their modes of entry might have been different. There are three possibilities regarding the mode of transcellular movement from peritubular side to luminal side. The first is simple passive diffusion. The second is backward movement across an existing transport system. The third is active secretion from blood to urine. However, since there is no evidence suggesting tubular secretion for any of these compounds, this last possibility may be disregarded.
The distal tubular movement of urea and glycerol and of B-arabinose after vasopressin must be of the first mentioned type. We were unable to detect any evidence of an active transport system for these compounds in the distal tubule. All showed increasing chemical concentrations in distal tubular urine samples under all conditions. However, both glycerol and D-arabinose were shown to be actively reabsorbed from the proximal tubules. The chemical concentrations of glycerol and 9-arabinose did fall below free flow values in the samples which were trapped in the proximal tubule during stop flow. Thus, the transcellular movement in the proximal tubule of D-arabinose and glycerol m a y have been in part passive diffusion through pores as in the distal tubule and in part leakage backwards across an active transport system.
These results are consistent with the hypothesis that rate of diffusion of non-electrolytes m a y be explained on the basis of transcellular diffusion through water pores or channels.
After injection of a large dose of pitressin, the effective pore size along the entire nephron was increased. D-Arabinose was able to diffuse across the distal and proximal epithelium more rapidly after pitressin. 
